Sudden cardiac death (SCD) describes a natural and unexpected death from cardiac causes occurring within a short period of time (generally within 1 h of symptom onset) in the absence of any other potentially lethal condition. Most SCD-related diseases have a genetic basis; in particular congenital cardiac channelopathies and cardiomyopathies have been described as leading causes of SCD. Congenital cardiac channelopathies are primary electric disorders caused by mutations affecting genes encoding cardiac ion channels or associated proteins, whereas cardiomyopathies are related to mutations in genes encoding several categories of proteins, including those of sarcomeres, desmosomes, the cytoskeleton, and the nuclear envelope. The purpose of this review is to provide a general overview of the main genetic variants that have been linked to the major congenital cardiac channelopathies and cardiomyopathies. Functional alterations of the related proteins are also described.
Background
Sudden death (SD) is defined by clinicians as a natural and unexpected death that occurs within a short period of time (generally less than 1 h from the onset of acute symptoms) in an apparently healthy person or in a subject whose disease is not sufficiently severe to predict a fatal outcome. The most challenging point is that postmortem examination often fails to demonstrate an adequate cause of death [1] . Indeed, approximately 85% of all SD are of cardiac origin, otherwise known as sudden cardiac death (SCD). Although SCD is a leading cause of death in western countries, many deaths remain largely unexplained [1] [2] [3] . SD involving infants under 1 year of age is referred as sudden infant death syndrome (SIDS). In general, SIDS occurs during sleep and remains unexplained after a thorough investigation that includes full autopsy, examination of the death scene, and review of the clinical history [4] . Many pathophysiologic mechanisms have been proposed for SIDS, including respiratory dysfunction, cardiorespiratory instability, and inborn errors of metabolism, however definitive pathogenic mechanisms precipitating an infant's sudden death are still uncertain [5] . Arrhythmias related to cardiac channel mutations have been proposed as the pathogenic basis for an estimated 5 to 10% of SIDS cases involving Caucasian infants [5] . Such mutations mainly affect the SCN5A gene and result in phenotypic changes in this sodium channel [6] . In addition, the ethnic-specific common cardiac sodium channel polymorphism S1103Y-SCN5A has been associated with African American SIDS and sudden cardiac death in young black adults [5, 7, 8] , reinforcing the hypothesis that genetic issues may be strikingly involved in SIDS.
Although the actual incidence of SCD is highly variable, recent prospective studies from multiple sources in the United States, Europe, and China have estimated that SCD rates in the general population range from 50 to 100 per 100,000 people annually [9] . The annual incidence of SCD increases as a function of advancing age; specifically, it is 100-fold lower in individuals < 30 years old (0.001%) than in those > 35 years of age [10] [11] [12] [13] [14] . However, the incidence is higher in men than in women at any age [9] . SCD has been shown to occur most frequently between birth and 6 months of age (SIDS) and again between 45 and 75 years of age [3] .
The aetiologies of SCD are very diverse. However, certain diseases are known to play significant roles in its pathogenesis. In particular, congenital cardiac channelopathies and inherited cardiomyopathies have been described as leading causes of SCD.
Congenital cardiac channelopathies are caused by mutations affecting genes encoding membrane ion channels (sodium, potassium or calcium channels) or cellular structures that affect Ca 2+ availability [15, 16] . Major cardiac channelopathies include long-QT syndrome (LQTS), short-QT syndrome (SQTS), Brugada syndrome (BrS), and catecholaminergic polymorphic ventricular tachycardia (CPVT) [15] [16] [17] .
Cardiomyopathies are primarily related to cardiac structural abnormalities [18] that lead to arrhythmias. Although the causes of cardiomyopathy are varied, it is widely accepted that the disease may depend on genetic alterations in structural proteins, including those of sarcomeres, desmosomes, and the cytoskeleton [17] [18] [19] . The most common SCD-related cardiomyopathies in young children and adults include hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), restrictive cardiomyopathy (RCM), arrhythmogenic right ventricular cardiomyopathy (ARVC), and left ventricular noncompaction (LVNC) [18, 20] .
Recent investigations of SCD have focused on CAV3 genetic variants. The CAV3 gene encodes the protein caveolin-3 [21, 22] , a member of the caveolin family, which in humans also includes caveolin-1 and caveolin-2. Caveolins are the main constituents of caveolae, small plasma invaginations composed of cholesterol and other lipids that contain several protein complexes involved in signalling and vesicular trafficking [21] . Caveolin-3 is selectively expressed in cardiac caveolae, where it represents the main scaffolding protein [23] . Recent studies have identified CAV3 mutations in subjects affected by LQTS, SIDS, and HCM [5, 24, 25] .
Herein, we summarize the current genetic understanding of the main congenital diseases associated with SCD, with a specific focus on CAV3 genetic variants.
Congenital cardiac channelopathies
At the cardiac level, the perfect interplay between sodium, calcium, and potassium ions results in a heartbeat. Specific ion channels allow these ions to cross the myocardial membrane. Mutations in genes encoding these specific channels or associated proteins may impair ionic conduction, leading to channelopathies and lifethreatening arrhythmias. As mentioned above, the main cardiac SCD-linked channelopathies are LQTS, SQTS, BrS, and CPVT.
Long-QT syndrome
Long-QT syndrome (LQTS) is an inherited arrhythmia characterized by electrocardiographic prolongation of the QT interval. Clinical diagnosis relies on both the electrocardiographic presence of a prolonged QTc (QTc ≥ 480 ms in repeated 12-lead ECG, although a QTc ≥ 460 ms is sufficient in the presence of unexplained syncope [26] ) and a comprehensive evaluation based on personal history, family history, and multiple electrocardiographic findings [27, 28] . LQTS patients are at risk of a polymorphic ventricular tachycardia called torsade de pointes, which can induce episodes of syncope and culminate in SD [15] . QT prolongation and torsade de pointes susceptibility are often related to ion channel dysfunctions that affect cellular repolarization. As shown in Table 1 , prolonged cellular repolarization may be due to a decrease in outward potassium currents or an enhancement in the inward sodium current I Na . At present, 16 types of LQTS have been described (Table 1) . The most common forms of LQTS are LQTS1, LQTS2, and LQTS3. Indeed, comprehensive open reading frame analysis of these three canonical LQTS-causative genes-KCNQ1-encoded Kv7.1 channel subunit (LQT1), KCNH2-encoded Kv11.1 (LQT2), and SCN5A-encoded Nav1.5 (LQT3)-yields putative LQTS-associated mutations in 75% of clinically definite LQTS cases [29] . Specifically, LQTS1, the most common mutation, accounts for approximately 35% of genotype-positive LQTS. LQTS1 results from a loss-of-function mutation of KCNQ1, the gene encoding the α-subunit of the voltage-gated potassium channel that mediates the slow component of the delayed rectifier potassium current (I Ks ). Loss-of-function mutation of KCNH2 affects the rapidly activating component of the delayed rectifying potassium current (I Kr ) and is related to the second-most common form of LQTS (LQTS2, found in 30% of patients with LQTS). LQTS3 is the third-most common form (found in 10% of patients with LQTS). It results from a heterozygous gain-offunction mutation of the SCN5A gene, which encodes the α-subunit of the cardiac sodium channel Na v 1.5. LQT3 has also been linked to both SIDS and autopsy-negative sudden unexplained death in childhood [5, 6] .
The additional minor LQTS genes comprise less than 5% of LQTS cases [29] . Depending on the affected ion channel, ventricular myocardial action potential changes along with the distribution of channels among the myocardium layers. Interestingly, it has been shown that QT interval duration does not vary among the different genotypes, whereas multiple ST-segment and T-wave morphologies have been associated with a particular genotype [30] . Such genotype-phenotype correlation has been described for the three most common LQTS genotypes [31] . In particular, patients with LQTS1 classically have a broad-based T-wave and usually have syncope or SD during physical exercise. LQTS2 patients tend to have notched or low-amplitude T-waves. They classically have syncope or SD with sudden auditory stimuli or strong emotions. Due to delayed opening of the sodium channel, LQTS3 patients have late-peaked T-waves, long, flat ST segments, a tendency towards bradycardia, and a higher incidence of SD during sleep [31] .
Patients carrying two abnormal LQTS genes usually demonstrate a more severe clinical phenotype and are at higher risk of SD [31] . The most common genetic variants associated with LQTS are transmitted in an autosomal dominant pattern. However, mutations following an autosomal recessive pattern have also been described.
The main autosomal recessive form of LQTS is called Jervell and Lange-Nielsen syndrome [32] . This is a rare form of the LQTS caused by homozygous or compound heterozygous mutations in KCNQ1 or KCNE1. This form of LQTS is also characterized by systemic manifestations. The main clinical manifestations of the Jervell and Lange-Nielsen syndrome include severely prolonged QTc-intervals, life-threatening arrhythmias, and sensorineural deafness. Homozygous or compound heterozygous mutations in the absence of deafness have also been reported and are referred to as autosomal recessive LQTS [32] . Two other LQTS variants, specifically Anderson-Tawil syndrome (LQTS7) and Timothy syndrome (LQTS8), are characterized by extracardiac phenotypes. Anderson-Tawil syndrome is caused by loss-offunction mutations in the potassium channel gene [33] describes the case of an 18-year-old female patient with symptomatic LQTS who carried a mutation in the cardiac ryanodine receptor (RyR2) gene [33] . Interestingly, in principle, the patient was referred as having "genotype-negative" LQTS since no mutations were identified in any of the major LQTSrelated genes (SCN5A, KCNH2, KCNQ1, KCNE1, KCNE2, and KCNJ2) [33] . Similarly, Altmann and colleagues identified recessively inherited TRDN frameshift mutations in a 10-year-old female patient by analysing a number of patients with genetically elusive LQTS. The TRDN gene encodes the cardiac-specific isoform of triadin, a protein associated with the release of calcium ions from the sarcoplasmic reticulum. Structural or functional disruption of this cardiac calcium release unit can lead to significant ventricular arrhythmias [34] . Mutations in the TRDN gene can now be considered a novel underlying genetic cause for recessively inherited LQTS [34] . Additionally, a recent study by Riuro and colleagues [35] identified a novel SCN1Bb gene mutation (β1bP213T) in an 8-year-old boy who was clinically diagnosed with LQTS without mutations in the common LQTS-related genes. The SCN1Bb gene encodes the sodium channel β-1 subunit. The authors show that this new mutation enhances the late sodium current. In detail, the β1bP213T mutation subtly alters Na v 1.5 function by shifting the window current, accelerating recovery from inactivation, and decreasing the slow inactivation rate. Additionally, by using HL-1 cells, they show that the action potential duration significantly increases when the mutant β1b is overexpressed in comparison with the wild type protein [35] .
Short-QT syndrome
A rare congenital cardiac channelopathy which has been recently described is the short-QT syndrome (SQTS), which is characterized by a very short QT interval and considerable susceptibility to atrial and ventricular fibrillation in the absence of structural heart disease [36, 37] . Specifically, SQTS is diagnosed in the presence of a QTc < 340 ms [38] . However, SQTS should be considered also in the presence of a QTc ≤ 360 ms and one or more of the following conditions: a confirmed pathogenic mutation, a family history of SQTS, a family history of SD at age < 40 years, and/or survival of a ventricular fibrillation/ventricular tachycardia episode in the absence of heart disease [38] . Among the major channelopathies, SQTS may be considered the most severe; cardiac arrest and SCD are the most common manifestations [15] . Although SQTS has an autosomal-dominant inheritance pattern and high penetrance [16] , a study by Mazzanti and colleagues suggests that age and sex are associated with susceptibility to SQTS. In particular, cardiac arrest resulting from an abbreviated repolarization was predominantly observed among males and mainly observed either during the first year of life or between 20 and 40 years of age [39] . To date, six main genetic potassium and calcium channel variants have been linked to SQTS. These include KCNH2, KCNQ1, KCNJ2, CACNA1C, CACNA2D1, and CACNB2 (Table 2) . Gain-of-function mutations in the potassium channel genes (KCNH2, KCNQ1, and KCNJ2) lead to QT interval shortening through increases in repolarizing currents, whereas lossof-function mutations in the calcium channel genes (CACNA1C, CACNA2D1, and CACNB2) shorten the action potential through decreases in depolarizing currents [32] . Due to the few families available for investigation, no genotype-phenotype correlation studies have been performed. Since it is clear that identical SQT-associated mutations may yield a varied phenotype, recent guidelines suggest making a patient-oriented rather than a family-oriented clinical decision [29] . Treatment decisions in high-probability cases of SQTS are not influenced by genetic findings [29] .
Brugada syndrome
Brugada syndrome (BrS) is another important congenital cardiac channelopathy. BrS is a hereditary disease clinically characterized by right ventricular conduction delay and ST-segment elevation in the anterior right precordial leads. Syncope is one of the main clinical manifestations; individuals with BrS develop a monomorphic ventricular tachycardia that may precipitate during sleep, rest or fever. Premature SCD may occur due to ventricular fibrillation [31, 40] . BrS displays an autosomal dominant pattern of inheritance with incomplete penetrance. BrS penetrance is age-and sex-related; most lethal events have been reported among men after the fourth decade of age [41] [42] [43] [44] . The first genetic alteration to be associated with BrS was a loss-of-function mutation affecting the SCN5A gene [45] . This finding was rapidly followed by several other reports. Currently, more than 450 pathogenic variants have been identified in 24 genes encoding sodium, potassium, and calcium channels or associated proteins [16, 46] . SCN5A genetic variants accounts for the vast majority (75%) of BrS genotypepositive cases. However, the yield of SCN5A genetic testing for robust clinical cases of BrS is approximately 25% [29] . SCN5A mutations accounting for BrS have also been described as responsible for SCD in children [44] . SCN5A mutations cause a loss of function in the sodium current. It has been reported that the reduction in sodium current amplitude may be due to either decreased expression of the sodium channel protein (Na v 1.5) in the sarcolemma, expression of non-functional channels, or changes in gating properties (delayed activation, earlier inactivation, faster inactivation, enhanced slow inactivation, or delayed recovery from inactivation) [41] . Mutations affecting the genes encoding the β-subunits of the Na v 1.5 protein (i.e., SCN1B, SCN2B, and SCN3B) have also been described as causes of BrS. These genetic variants may have different effects on the sodium current, by direct action on ion conductance or by interference with sodium channel trafficking [47, 48] . Indeed, impairment of Na v 1.5 trafficking has been described as an additional cause of sodium current reduction. In this regard, other genetic variants have been identified. For instance, mutations in the RAN guanine nucleotide release factor (RANGRF) gene, which encodes MOG1-a nuclear import/export protein recently described as a new partner of Na v 1.5 [49] -have been reported to impair the sodium current by altering Na v 1.5 trafficking [50] . A similar outcome has been associated with genetic variants of the SLAMP gene, which encodes a sarcolemmal membrane-associated protein whose function at the Ttubule level is still unknown [49] . Genetic variants of the glycerol-3-phosphate dehydrogenase 1-like (GPD1-L) gene have also been described as a possible cause of BrS [51] . Although GPD1-L is not an ion channel itself, an altered form of this protein may impair trafficking of the α-subunit of the Na v 1.5 cardiac sodium channel to the surface membrane, thus decreasing the sodium current. An interesting work by London and colleagues demonstrates that GPD1-L mutations may affect protein density and the number of functional sodium channels. However, the actual mechanism by which GPD1-L genetic variants alter sodium channel membrane expression remains to be established since no interaction between the two proteins has been identified to date. Other genetic variants affecting the sodium current include those related to the gene encoding the desmosomal protein plakophilin-2 (PKP2) [52] and the transient receptor potential melastatin protein number 4 (TRPM4), a calcium-activated nonselective cation channel [53] , whose alteration may affect membrane resting potential and consequently alter sodium availability. Although sodium current alteration is considered a leading cause of BrS, calcium current impairment has also been reported to play a critical role in this pathology (4-5% of BrS patients). BrS-related genetic variants have been identified among genes encoding different subunits of the L-type calcium channel, namely, CACNA1C, CACNB2b, and CACNA2D1 [54] [55] [56] . Potassium currents have also been considered important determinants. In some cases of BrS, gain-of-function mutations have been identified among genes encoding channels that conduct outward potassium current, i.e., KCND3, KCNE3, KCNE5, and KCNJ8 [41] .
Collectively, SCN5A is the main gene associated with BrS. CACNA1C genetic variants have also been frequently described (4-5%), whereas the remaining genes are the likely cause in less than 1% of disease manifestations (per gene). Known BrS-susceptibility genes can only partially explain the clinically diagnosed cases; therefore, many patients (65-70%) remain "genetically unresolved" [16, 46] . [16, 57] . Since individuals with CPVT have normal resting electrocardiograms, diagnosis may be difficult. CPVT is characterized by both autosomal dominant and autosomal recessive (less frequent) patterns of inheritance.
As reported in Table 3 , CPVT is caused by mutations in genes encoding ion channels or calcium-handling proteins that primarily affect the electrical activity of the heart. In particular, the first genetic alteration associated with CPVT was identified in the RYR2 gene in 2001 [58] . Pathogenic variants of the RYR2 gene account for more than 50% of CPVT cases (CPVT1). For instance, in a recent review, Sumitomo reported data obtained from a cohort of patients from his institution. Specifically, he described that 79% of the observed CPVT cases were related to an anomaly in the RyR2 gene. He also reported that SD was observed in approximately 10% of these patients, without any sex-related difference. The inheritance of CPVT1 is autosomal-dominant [57] . CPVT2, which is the second most common subtype of CPVT, is related to mutations in the gene encoding the calsequestrin protein (CASQ2 gene). According to the analysis by Sumitomo, the rate of SCD observed for CPVT2 was higher than for CPVT1. CPVT2 shows an autosomal recessive pattern of inheritance, although autosomal dominant mutations are also reported [57] . Overall, genetic screening permits identification of mutations in up to 65% of patients with a clinical diagnosis [29] . Other CVPT-susceptibility genes include CALM (encoding the protein calmodulin) and TRDN (encoding triadin), responsible for CPVT4 and CPVT5, respectively (Table 3) . However, as shown in Table 3 , genetic causes of CPVT remain to be elucidated. For instance, CPVT3 was reported in a family carrying a 7p22-p14 chromosome anomaly. However, the responsible gene has not been identified to date. Interestingly, a recent article by Devalla and colleagues described a new life-threatening arrhythmia related to trans-2,3-enoyl-CoA reductase-like (TECRL) genetic variants [59] . TECRL encodes a protein involved in fatty acid and lipid metabolism, with a function probably related to catalysis of redox reactions [59] . Homozygous TECRL mutations were identified by using wholeexome sequencing in patients from three different families with life-threatening arrhythmias and high risk of SCD. Interestingly, this recessive form of inherited arrhythmia has a clinical phenotype with overlapping features of both LQTS and CPVT. Perturbations in physiological levels of lipids/fatty acids and metabolic functions can have direct consequences on ion channels and calcium-handling proteins [59] . However, further investigations are needed to fully clarify the role of TECRL in lipid metabolism and how its genetic variants may be linked to cardiac arrhythmias [59] . Overall, this study highlights the significant contribution of genomic technologies to the understanding of underlying causes of SCD.
Cardiomyopathies
Along with cardiac channelopathies, cardiomyopathies may be considered leading causes of SCD. Cardiomyopathy often results in the heart failure syndrome, with a consistent number of systemic manifestations. Early clinical investigations have recognized familial transmission for many cardiomyopathies, suggesting a genetic basis of this disease. This hypothesis now has been widely confirmed by intensive research. Accordingly, many cardiomyopathies are currently recognized as monogenic disorders [18, 60] .
Hypertrophic cardiomyopathy
Hypertrophic cardiomyopathy (HCM) is one of the most frequently observed inherited cardiomyopathies (incidence of approximately 0.2%). Mutations in genes encoding cardiac sarcomeric proteins are the main causes [18, 61] . In addition to the described genetic alterations, novel genetic variants are now emerging, with contributions to phenotypes with different degrees of severity [62] . Disease-causing mutations in MYH7 and MYBPC3 are the most common. Each of these mutations accounts for onequarter to one-third of all cases, with the remaining HCM genes each account for 1 to 5% or less [29] .
Other genetic variants are associated with HCM. These include mutations in the myozenin 2 (MYOZ2) gene, encoding a Z-disc protein [63] , and the ACTN2 gene, encoding α-actinin-2, the major component of the Z-disc. Although such mutations are uncommon and need to be further investigated, they support the hypothesis that disruption of Z-disc proteins can lead to HCM [64] .
It has been reported [29] that the diagnostic yield of sarcomere gene testing (comprising up to 9 genes) in clinical cases of familial HCM is typically approximately 60%. The yield depends on patient selection and decreases to approximately 30% in sporadic disease. Approximately 5% of cases have two or more variants (compound or double heterozygotes), although in many cases, at least one of the variants is of uncertain significance [29] .
Dilated cardiomyopathy
Dilated cardiomyopathy (DCM) is characterized by the presence of left ventricular dilatation and contractile dysfunction with heart failure [65] . Ventricular and supraventricular arrhythmias, conduction system abnormalities, and thromboembolism are often observed. In later stages of the disease, SCD may also occur. DCM can be classified by cause as familial, primary without a family history, or secondary (associated with or caused by other conditions). The familial form is considered to be responsible for at least 20% of idiopathic cases [66] . This type of DCM has an autosomal dominant pattern of inheritance. X-linked, autosomal recessive, and mitochondrial inheritance patterns have also been identified, but they are uncommon [65] . DCM-related mutations have been identified in genes encoding a wide range of proteins, particularly those affecting sarcomere function, electrolyte (calcium, sodium) homeostasis, and nonsarcomere structure [18] . In pure dilated cardiomyopathy, the screening yield for a large number of genes is approximately 20% [67] . The most frequently identified mutations involve the TTN gene, which encodes titin, the main component of the sarcomere [68] . It has been reported that TTN mutations may account for up to 25% of all cases of autosomal dominant DCM [65] . Some genetic variants of the TTN gene have been observed both in DCM patients and in healthy controls, suggesting the presence of polymorphisms unrelated to DCM. For instance, a screen of the TTN gene in a cohort of 120 genetically unrelated patients with DCM identified seven sequence variations leading to amino acid replacements. Three of the mutations were also found among the healthy controls [69] . Another report described the screening of 312 DCM patients in which TTN truncating variants, most commonly found at the A band, were found in 18% of sporadic DCM, 25% of familial DCM, and 3% of healthy controls [70] . Even truncating variants in the Z-band and I-band are highly present in controls, while variants affecting the M-band are mostly associated with a neuromuscular phenotype [70] . In addition to the above-mentioned genetic variants, more than 60,000 missense variants have also been identified, in the 1000 Genomes Project [70] [71] [72] . However, this frequency is far above the expected frequency of disease causing mutations for the TTN gene [71] . Golbus and colleagues [73] analyzed the data of the 1000 Genomes Project and found a high frequency of predicted pathogenic protein altering variation in TTN. They suggested that many of these variants could be either benign or insufficient on their own to cause disease, but could act as modifiers in genetically susceptible hosts [71] . However, even when stringent bioinformatic and segregation criteria are used, the analysis of TTN missense variants contribution to DCM phenotype is very challenging. For instance, the interesting analysis carried out by Begay and colleagues [71] identified variants bioinformatically classified as "severe" in 12.6% (44/348) of TTN missense variants and 27.6% (37/134) of DCM subjects. They reported that 5 of 9 families with TTN variants classified as "severe" demonstrated incompatible segregation with the affected phenotype, implying a significant false-positive rate from the bioinformatics analysis alone. Four families harboured 5 "severe" TTN variants that segregated with the DCM phenotype, and 28 probands had "severe" variants that could not be assessed by segregation. Therefore, in contrast to TTN truncated variants, pathogenic TTN missense variants are not easy to resolve and likely contribute to a small fraction of DCM cases [70, 71] . Of note, the same authors reported that the distribution of bioinformatically "severe" TTN missense variants across titin domains was non-random and similar to what has been shown previously with TTN truncation variants that were overrepresented in the A-band region of titin.
DCM-related genetic variants have also been recently found in other genes encoding sarcomere proteins, namely α-cardiac actin, α-tropomyosin, cardiac troponin T, I, and C, β-and α-myosin heavy chains, myosin binding protein C, and α-actinin-2 [65] .Of note, such genetic variants have also been observed in HCM. Additionally, hypertrophic and dilated phenotypes may overlap in some families, emphasizing that definition of the morphological features of cardiomyopathy may also have a key role in diagnosis. Among the mutations impairing electrolyte homeostasis, PLN gene mutations may contribute to the DCM phenotype [74] . PLN encodes phospholamban, a protein that modulates calcium uptake by the calcium-transporting ATPase of the sarcoplasmic reticulum (SERCA2a). Mutations in the SCN5A gene have similarly been implicated in DCM. However, this gene has also been associated with other cardiac diseases that may cause SD, confirming that examination of morphological features may be necessary to clinically characterize DCM. Among structural proteins, mutations in the LMNA gene encoding the lamin-A and -C nuclear envelope proteins may account for up to 5% of all autosomal dominant DCM cases [65, 75] . These proteins are ubiquitously expressed and play key roles in the maintenance of proper nuclear structure. Alterations of laminin-A and -C proteins may cause dilated cardiomyopathy, atrioventricular block, and both atrial and ventricular fibrillation [65] . LMNA mutations are highly predictive for progressive conduction disease and SD risk. Although clinical identification of affected subjects at high risk of SCD is quite difficult, the identification of LMNA mutations has recognized prognostic value for the diagnosis of DCM. Overall, the genetic heterogeneity of DCM and the overlap of mutations with other cardiac diseases have prevented the assessment of a direct correlation between genetic features and this specific pathology. As reported above, the same mutation may be the cause of DCM or HCM in different unrelated subjects. However, heart function and morphology may be affected differently, suggesting that factors other than genetic ones (e.g., environment) may influence the phenotypic expression of a primary cardiomyopathy.
Restrictive cardiomyopathy
Restrictive cardiomyopathy (RCM) is another important cardiomyopathy characterized by ventricular stiffness, which results in severe diastolic dysfunction and restrictive filling with elevated cardiac filling pressures and dilated atria. Hypertrophy is typically absent [76] . The diagnosis is mainly based on functional findings. Restrictive physiology also occurs in HCM and DCM, thus contributing to difficult disease classification. Furthermore, the genetic features of RCM may overlap with DCM and HCM. RCM-associated mutations have been reported in four genes that encode key sarcomeric proteins/myofilaments (MYH7, TNNT2, TNNI3, and ACTC). MYH7-and TNNI3-mediated RCM may each account for approximately 5% of cases [29] . In fact, some authors consider RCM to be part of a phenotypic spectrum of HCM with limited hypertrophy and restrictive physiology [18] . However, as a distinct genetic cardiomyopathy, RCM is transmitted in an autosomal-dominant pattern, although autosomal recessive and X-linked patterns of inheritance have been described [77] . Over the past 10 years, the introduction of high-throughput sequencing methods (also called next-generation sequencing, NGS) [78] has dramatically improved the identification of RCM susceptibility genes. An interesting study by Kostareva and colleagues [79] describes the analysis of 24 cases of RCM performed by using an NGS approach. The authors identified a broad spectrum of RCM-associated variants in approximately 54% of patients, in line with data obtained from another study that found genotype-positive cases in 19 (60%) of 32 unrelated RCM patients [80] . Of note, the former study confirmed the key role of sarcomeric proteins in the development of RCM and extended the spectrum of pathogenic mutations to genes encoding structural and cytoskeletal proteins. Despite the small number of patients included in the study, the results appeared to disclose a multifactorial nature for RCM, which, according to this view, could be triggered by a combination of multiple mutations rather than a single diseasecausing mutation. This condition may influence the clinical manifestations and the incidence of SD. In line with these observations, recent findings have corroborated the hypothesis that factors other than pathogenic genetic variants may modulate disease phenotypes in primary cardiomyopathies, with modifier genes are emerging as key players. In detail, the term "modifier genes" refers to genetic variants that are not directly responsible for the disease but that can influence the phenotypic expression of the primary mutation [81] . Recent studies have demonstrated that mutations in genes related to the reninangiotensin pathway may influence the clinical phenotypes of HCM, DCM, and RCM. Mutations in the angiotensin I-converting enzyme, angiotensinogen (AGT), and AGT Receptor type 1 seem to be specifically involved [81] [82] [83] [84] .
Arrhythmogenic right ventricular cardiomyopathy
Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a rare but increasingly recognized condition characterized by the replacement of myocytes with adipose and fibrous tissue, leading to right ventricular failure, arrhythmias, and SCD [85] . Because of fatty infiltration, ARVC is also called fat cardiomyopathy. ARVC is one of the most important causes of SCD among young people, especially athletes [86] . The rate of SD has been estimated at approximately 2.5% per year [87] . There is familial evidence of ARVC in more than 60% of patients [86] . Although most patients show an autosomal dominant pattern of inheritance [88] , two recessive modes of ARVC inheritance have been recently identified. The first to be reported was the "Naxos disease", a cardiocutaneous syndrome caused by homozygous mutations in genes encoding the cell adhesion proteins plakoglobin and desmoplakin. A variant of Naxos disease (overlapping clinically with DCM) with predominant left ventricular involvement was reported a few years later under the name of "Carvajal syndrome." All patients with these recessively inherited conditions had a peculiar cutaneous phenotype (woolly hair and a palmoplantar keratoderma) from infancy and developed ARVC by adolescence [89] . The genetic background of ARVC has been extensively studied; many causative genes have been identified during the last 10 years. The first genetic mutations associated with ARVC were found in the desmosomal genes [90] . Desmosomes are indispensable protein complexes involved in electrical conduction and mechanical contraction of cardiomyocytes. They are composed of five proteins: junctional plakoglobin (encoded by JUP), plakophilin-2 (encoded by PKP2), desmoplakin (encoded by DSP), desmoglein-2 (encoded by DSG2), and desmocollin-2 (encoded by DSC2). Specifically, JUP was the first gene whose mutations were associated with ARVC [90] . This finding was rapidly followed by the identification of mutations involving other desmosomal genes: DSP in 2002, PKP2 in 2004, and both DSG2 and DSC2 in 2006 [91] [92] [93] [94] . Among them, the most frequently observed mutations occur in the PKP2 gene. In western countries, more than 70% of ARVC patients with desmosomal gene mutations carry PKP2 mutations [95] . The yield of genotyping is variable; the occurrence of founder mutations may increase the yield of genotyping in selected regions. Interpretation of the pathogenic role of missense mutations in genes encoding desmosomal proteins is complicated by evidence that fewer than 16% of control individuals harbour missense variants that would meet clinical criteria for a positive genetic test result [32] . Overall, desmosomal gene mutations can be identified in approximately 50% of ARVC patients [96] . Other genetic mutations in extra-desmosomal proteins, which indirectly affect intercalated disc function, have also been reported as causative genes for ARVC (Table 4) . In this regard, mutations in the TMEM43 gene may cause a lethal, fully penetrant, sex-influenced, autosomal dominant disorder [97] . During recent years, research has been focused mainly on the understanding of genetic factors underlying altered expression of desmosomal and extra-desmosomal proteins, including those involved in downstream signalling pathways. However, clinical evidence of desmosomal dysfunction in ARVC patients not carrying known genetic mutations suggests that other mechanisms, likely epigenetic factors, may also lead to the pathogenesis of ARVC. Among those, alterations in the Hippo pathway [98] and microRNAs [99] have been recently identified as potential regulators of arrhythmogenic cardiomyopathy. Among the molecular mechanisms implicated in the pathogenesis of ARVC, abnormal intracellular calcium handling is also involved. More recently, increasing attention has been given to calcium sensitive signalling proteins, which play a leading role in electrical and structural remodelling of the heart in the setting of ARVC. Calcium impairment with consequent activation of calmodulindependent kinase II and calcineurin can also directly affect the integrity of intercalated disk structure contributing to broad phenotypic variability among ARVC patients with or without known genetic mutations [100] .
Left ventricular non-compaction
Left ventricular non-compaction cardiomyopathy (LVNC) is characterized by segmental thickening of the left ventricular wall with a thin, compact epicardial layer as well as an excessively thickened endocardial layer with prominent, deep intertrabecular recesses [101] . During the last 25 years, LVNC has gained increased attention. However, its classification is still a matter of debate. In 2006, the American Heart Association recognized LVNC as a primary genetic cardiomyopathy [102] . However, the European Society of Cardiology classified LVNC as an "unclassified cardiomyopathy" [77] because it is still unclear whether it represents a distinct cardiomyopathy or merely a phenotypic trait common to other cardiomyopathies. Familial disease has been estimated to occur in approximately 18-50% of adults diagnosed with LVNC, mostly consistent with an autosomal dominant mode of inheritance [101] . LVNC-related mutations have been mostly identified in sarcomeric genes as observed in other cardiomyopathies such as HCM and DCM, thereby suggesting a shared genetic susceptibility [101] . Recently, a novel RYR2 genetic variant with a phenotype overlapping atypical CPVT and LVNC was identified in a multigenerational family [103] . Although several LVNC-susceptibility genes have been identified, none predominates. Moreover, evaluations of large populations have not been reported [29] . A relatively small percentage of patients (approximately 15 to 20%) with LVNC have known genetic mutations, although larger panels of genes may proportionately increase the yield [29] . For instance, a work by Klaassen and colleagues reported a 17% mutation rate when considering 6 genes among 63 unrelated adult index cases [29, 104] . More recently, Hoedemaekers and colleagues identified mutations in 23 of 56 index cases by using a 17-gene panel [29, 101] . Due to the low positive genetic test rate among index cases, the utility of testing for definitive diagnosis and care of these cases is limited [29] .
A focus on CAV3 genetic variants
Caveolins are the main constituents of the caveolae, which are small (50-100 nm) plasma invaginations composed of cholesterol and other lipids. These structures contain several protein complexes involved in numerous cellular processes such as vesicular trafficking, protein targeting, second messenger signalling, cholesterol homeostasis, mechanosensing and survival responses to stressful stimuli [22] . In particular, caveolin-3, encoded by the CAV3 gene, is one of the three major forms of caveolins selectively expressed within the heart. Many cardiac ion channels and transporters, including L-type calcium channels, potassium channels, sodium channels, the sodium/potassium ATPase, and the sodium/calcium exchanger have been found within caveolae. This specific subcellular localization is critical for the function of these components since it allows integration within macromolecular signalling complexes, thus ensuring precise regulation.
CAV3 genetic variants have been associated with a variety of diseases, including rippling muscle disease, limbgirdle-muscle dystrophy, muscular dystrophy, and cardiac-related disorders [105] . The first CAV3 mutation associated with HCM was identified in a case involving PLN Phospholamban It has been hypothesized that mutant phospholamban may impair SERCA2a activity, leading to calcium homeostasis impairment, which in turn may result in desmosomal disassembly [145] Others LMNA Lamin A/C Increase in nuclear deformation, fragmentation of chromatin, and abnormal mechanotransduction, leading to impaired ability of the cell and nuclei to resist mechanical stress [146] Others SCN5A α-subunit of the cardiac sodium channel Na v 1.5
Loss of function [147] Others CTNNA3 α-T-catenin, which binds to plakophilins, participating in adhesion between cardiomyocytes Impaired interaction with β-catenin and increased dimerization potential [148] Others siblings [24] . According to research by Hayashi and colleagues, these patients showed an atypical clinical phenotype, with mild CAV3-induced HCM characterized by high ECG voltage and suggestive diastolic dysfunction with elevated LV end-diastolic pressure. Noteworthy, the father of the siblings, an obligate carrier of the CAV3 mutation, died suddenly at the age of 41. Interestingly, the study reported that the HCM-related mutation occurred at the same codon as observed for limb-girdlemuscle dystrophy. Analysis of the cellular effect of the CAV3 mutation revealed that the mutated caveolin-3 protein had reduced surface expression compared to the wild type protein. This change appeared to be relatively mild in the case of the HCM-related mutant, indicating that the dysfunctions induced by CAV3 mutations are of differing severity in the two pathologies. The greater severity of the muscular-dystrophy-related mutation explains the cardiac involvement (DCM) observed in patients with this disease. In contrast, the presence of HCM mutations does not necessarily imply muscular involvement; in fact, the siblings did not exhibit any muscular disorder. This may be because caveolin functions may be differently regulated in cardiac and muscle tissues. A study by Cagliani and colleagues [106] also supports this observation. The authors identified a heterozygous 3-bp microdeletion (328-330 del) in individuals affected by skeletal muscle diseases such as limb-girdle muscular dystrophy type 1C, rippling muscle disease, and both sporadic and familial forms of hyperCKemia. The mutation resulted in the loss of a phenylalanine (Phe97del) in the transmembrane domain, leading to a severe caveolin-3 deficiency and caveolar disorganization in the skeletal muscle. Of note, caveolin-3 was expressed in the myocardium to a degree corresponding to approximately 60% of that of control individuals and was correctly localized at the myocardial cell membranes, with preservation of cardiac myofibre caveolar structures [106] . Thus, the same mutation may lead to different phenotypes. However, clear evidence in the literature has shown that muscular and cardiac dysfunctions related to CAV3 mutations may also coexist [107, 108] . This observation emphasizes the importance of carefully monitoring myopathic patients carrying CAV3 mutations for cardiac involvement. It is worthwhile to report the case of a German family with rippling muscle disease in which two members died suddenly of possible cardiac arrhythmias. Autopsies of one of these patients revealed a non-obstructive cardiomyopathy [107, 109] . CAV3 mutations have also been related to LQTS. In 2006, Vatta and colleagues reported, for the first time, a relationship between CAV3 mutations and LQTS [25] . Fig. 1 Caveolin-3 topological domains (a) and localization of the V82I variation (b) identified in a LQTS patient. The figure has been completely adopted from [22] In particular, they demonstrated that caveolin-3 directly modified cardiac sodium channel kinetics. Therefore, CAV3 mutations, by altering sodium currents, have been directly associated with the pathogenesis of the LQTS variant LQTS9. In particular, it has been shown that coexpression of the caveolin-3 mutation and the SCN5A gene results in an increased late sodium current. Cronck and colleagues [5] identified three CAV3 mutations (V14 L, T78 M, and L79R) among a population of 133 infants who died from SIDS. Voltage clamp analysis revealed that all the three mutations were responsible for a fivefold increase in the late sodium current. The mechanism underlying this finding was recently clarified. Cheng and colleagues reported that the increase in cardiac sodium current related to caveolin-3 mutations may be reversed by the neural nitric oxide synthase (nNOS) inhibitor L-NG-monomethyl arginine citrate. The authors propose a mechanism whereby wild type caveolin-3 negatively regulates nNOS. A CAV3 mutation (F97C) may cause the loss of this inhibitory effect, thereby accentuating local NO and increasing the late sodium current via direct S-nitrosylation of the α-subunit of the sodium channel Na v 1.5. This, in turn, may significantly prolong the action potential duration, as observed in the LQTS clinical electrophysiological phenotype [110] .
Recently, a new putative CAV3 variant (V82I) was identified in a patient with SCD [22] . The study by Lariccia and colleagues reported the case of an adult with suspected LQTS who suddenly died prior to complete comprehensive cardiologic examination. Interestingly, no mutations in the major LQTS-related genes were found, although a novel mutation (V82I) in the CAV3 gene was identified (Fig. 1) . The effect of this mutation has been studied in vitro by using BHK cells. Biochemical analysis of the transiently transfected cell line showed that the caveolin-3 V82I mutant was expressed at higher level than caveolin-3 wild type, as a probable consequence of higher protein stability (Fig. 2) . Additionally, Fig. 2 Expression levels and stability of caveolin-3 wild type and caveolin-3 V82I mutant. a Recombinant expression of caveolin-3 wild type (Cav-3 WT) and caveolin-3 V82I mutant (Cav-3 V82I) in BHK cells transiently transfected with plasmids expressing either Cav-3 WT or Cav-3 V82I. b Evaluation of protein stability. Transfected BHK cells were treated with the eukaryote protein synthesis inhibitor cycloheximide (10 μg/ml) for the indicated length of time. A representative blot is shown on the left of panel b. Levels of residual caveolin-3 at the indicated time points (% of time 0) for Cav-3 WT and Cav-3 V82I mutant are shown on the right. Data are representative of four independent experiments. *, P < 0.05 vs WT at the respective time point; **, P < 0.01 vs WT at the respective time point. The figure has been completely adopted from [22] confocal microscopy studies revealed that the caveolin-3 V82I mutant tends to accumulate within the cells (Fig. 3) , a tendency that has also been observed in a different caveolin-3 mutation [24] . The results also suggest an impairment in the ERK signalling pathway, which is normally regulated by caveolin-3 and influences the cell survival rate. This impairment renders the cells more susceptible to stressful conditions, specifically sublethal osmotic stress, thereby suggesting that expression of this novel mutation may be detrimental for the survival response to mechanical stress.
Conclusions
The knowledge on channelopathies and cardiomyopathies has greatly improved during the last 20 years thanks mainly to advances in the genetic field. Several genes have been demonstrated to be involved in the origin of these cardiac diseases. A proportion of this improved genetic understanding has been applied to the diagnosis and prevention of channelopathies and cardiomyopathies associated with SCD. Genotype studies have become an essential part of clinical diagnosis both to identify asymptomatic individuals who may be at risk of SCD and to unravel genetic alterations when postmortem examination fails to demonstrate an adequate cause of death. Several mutations related to channelopathies have been reported to occur in genes encoding ion channels or associated proteins. In comparison, for cardiomyopathies, mutations mainly occur in genes encoding structural proteins found in sarcomeres, desmosomes, or the cytoskeleton. Although great achievements have been made in the understanding of genetic contributions to cardiac disorders leading to SCD, a significant number of clinically diagnosed patients still have no recognized genetic cause of disease. Continuous efforts in researching the genetic basis of SCD will be essential for identification of new genetic alterations associated with SCD to improve current diagnostic testing, early prevention, and risk stratification. 
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